A hybrid structural health monitoring (SHM) system, consisting of a piezoelectric transducer and fiber optic sensors (FOS) for generating and monitoring Lamb waves, was investigated to determine their potential for damage detection and localization in composite aerospace structures. As part of this study, the proposed hybrid SHM system, together with an in-house developed algorithm, was evaluated to detect and localize two types of damage: a through thickness damage (hole of 2 mm in diameter) and a surface damage (2 mm diameter bore hole with a depth of 0.65 mm) located on the backside of the plate. The experiments were performed using an aircraft representative composite plate skin, manufactured from carbon fiber reinforced polymer (CFRP).
Introduction
In accordance with current regulations and requirements, an aircraft's structural integrity is ensured using standard nondestructive evaluation (NDE) techniques such as eddycurrent, liquid penetrant, and ultrasonics to name a few [1] . Unfortunately, the application of these NDE techniques tends to require an aircraft to be taken out of service for substantial periods of time, resulting in considerable costs (downtime costs and maintenance costs) for the operator. To reduce costs, original equipment manufacturers (OEM), operators, maintainers, and researchers have been envisioning systems which can be integrated into the structure making NDE an integral part of the structure. This approach would provide an operator with the capability to inspect the aircraft before or after each flight, or during the flight itself. The aircraft would only need to be taken out of service when damage is actually detected and requires maintenance/repair action, rather than after a certain defined period of time, or number of flights. The research field that aims at developing such systems and the methods of data acquisition and analysis to evaluate the health of a structure is known as structural health monitoring (SHM) [2, 3] .
Within the field of SHM several techniques, sensors, and systems have been devised, developed, and demonstrated/tested, which can be used to evaluate the condition of a structure. One of these proposed techniques uses fiber optic sensors (FOS) for damage detection based on guided ultrasonic waves (GUW) [4] [5] [6] [7] . Guided ultrasonic waves, as described by Lamb [8] , have many favorable attributes such as their small amplitude attenuation over long distances [4, 5] . Optical fibers have been the subject of considerable development, having been used extensively for data communication, and exhibit excellent fatigue characteristics [9] . In addition, FOS are lightweight and small in dimension, are immune to electromagnetic interference, and have good resistance to chemicals and the environment. Furthermore, they have already been successfully integrated, either attached to the surface of or embedded into composite laminate plates [2, 10] .
For the application of FOS in SHM, a light source and light detection system are needed to illuminate and interrogate the sensor(s), respectively. Multiple interrogation systems have been proposed to measure strains; however, in the case of Lamb waves and related strains, the required frequency for data acquisition introduces stringent requirements regarding the interrogation system and limits the 2 Journal of Sensors number of sensors that can be integrated into such interrogation systems. The FOS based systems which can be used are based on point sensing interferometric techniques (e.g., fiber Bragg grating (FBG) based, or Fabry-Perot (FP) based [11] ). Fabry-Perot interferometric techniques present, however, added difficulties in terms of sensor multiplexing in the same optical fiber when compared with FBGs.
A downside of fiber optics is that they can only be used as sensors, or in actuating systems involving high power lasers, resulting in complex in-the-field applications. Therefore, there will always be a need for some sort of simple actuation mechanism to generate the Lamb wave, which can be effectively achieved using a piezoceramic transducer. Fortunately, piezoceramic transducers scanning Lamb waves, which can be used both as sensors and actuators, are inexpensive and available in small sizes making them ideal for integration into structures [12] . Unfortunately, piezoceramic transducers and related electrical wiring for power and/or data acquisition can be affected by and/or be the source of electromagnetic interference impacting the performance of other avionic systems on an aircraft. These undesirable effects of piezoceramic transducers need to be considered and evaluated prior to their use in in-service applications. Qiu et al. [13] , demonstrated that proper shielding of these piezoceramic transducers can reduce these undesirable effects.
Takeda et al. [14] presented a hybrid SHM system based on Lamb waves which detected damage in composite structures. The proposed hybrid SHM system used a piezoceramic transducer to generate Lamb waves and FBGs to detect them. In this interrogation architecture, a broadband light source (BBS) was used to illuminate the entire FBG sensors spectra on an arrayed waveguide grating (AWG) detection system. When the FBG spectrum shifted due to the waves' strain field, the light power output of the sensitive channels of the AWG also varied. The optical output of each channel was converted to an electrical (voltage) signal using a photodetector, which was captured by a high sampling frequency data acquisition system sensing the propagating Lamb waves. This propagated signal included excited waves produced by a piezoceramic transducer and those generated from damage reflections resulting from the interference of damage with the original actuated and propagating Lamb wave field. These reflections were detected through the comparison of signals obtained from the same sensor for different conditions of the structure being inspected, that is, undamaged baseline signal and damaged state signal. Having FBG sensors with different orientations and in different locations of the structure enabled the detection and the localization of damage through the use of time of flight (ToF) and propagation velocity and calculated traveled distances of the waves by the application of triangulation algorithms and/or by considering the directional sensitiveness of the FBGs. These sensors were sensitive to strains applied along their length and therefore, different FBGs with different orientations were able to sense a propagating wave and output different signal amplitudes. The comparison of these amplitudes enabled the determination of the incoming direction of the wave.
Regarding the selection of the FBG sensors, Takeda et al. [14] reported the ideal length of an FBG sensor for wave detection to be 1/7 of the source wavelength. This relation reflects a compromise between desired point sensing (as opposed to averaging strains along the sensor) and reflectivity of the FBG (related with grating length), which is essential to attain a sufficiently high signal to noise ratio (SNR), besides avoiding nonlinearity effects in the strain sensing.
Takeda et al. [14] evaluated their SHM system using an artificially introduced delamination in a small composite plate (240 by 240 by 1 mm) between a piezoceramic transducer and FBG located 50 mm apart. In addition, they reported the threshold for a detectable delamination size to be 10 mm in width. The detection was based on a new wave (accelerated mode) detected between the 0 and 0 wave, which was not present in the original signal for the undamaged plate. The accelerated mode was considered to be caused by the separation of 0 wave into two propagation paths and conversion of the original 0 wave into an 0 and 0 wave along the different paths [14] .
Tsuda [15] and Lam et al. [16] presented an interrogation architecture based on a secondary FBG filter cascaded with the FBG sensor. This architecture used a BBS with two FBGs. The first FBG caused a phase shift in reflected spectrum, which intersected with the spectrum of the second FBG sensor. However, this architecture required the center wavelength of the FBGs to be within a close range of each other to operate successfully. Similar to the previously mentioned interrogation architecture, a photodetector and a data acquisition system were also used. Tsuda [15] detected, using the cascaded FBG interrogation architecture, a damage area of 65 mm in length and 15 mm in width. The studies of Lam et al. [16] reported a detected delamination of 20 mm in width between a piezoceramic transducer and FBG located 100 mm apart in a composite beam (440 by 25 by 2 mm).
Wu et al. [17] successfully detected and localized damage in a composite laminate (305 by 152 mm) using a hybrid pitchcatch SHM system. The damage, introduced by repeated impacts with a hammer, was located in an area (102 by 67 mm) enclosed by two piezoceramic transducers and three FBGs. A damage index (DI), which represented the ratio of energy scatter between the damaged state and the undamaged baseline within a selected time window, was defined to predict the damage location. The diagnostic image obtained by Wu et al. [17] predicted a debond area of 30 by 30 mm; this result was verified by X-ray imaging of the composite laminate.
Recently, Tan et al. [18] reported damage detection and localization in an aluminum plate (300 by 300 by 2 mm) based on a similar SHM architecture as Betz et al. [4] . The damage, however, was located in the enclosed area between the transducer and the FBGs, and the localization algorithm was based on ToF obtained from four different FBGs. An improvement on the detectable damage size threshold was realized: 6 mm in diameter as compared to 12 mm reported by Betz et al. [4] .
The research described in this paper focused on detection and localization of representative damage in aircraft structures using an elliptical triangulation algorithm [18, 19] . A composite plate with approximate dimensions of 1000 by 400 by 5.5 mm was used to evaluate the capabilities of the hybrid SHM system to detect and localize two types of damage. The first damage was a through thickness hole with a diameter of 2 mm; the second was a representation of a surface damage, simulated by a bore hole 2 mm diameter with a depth of 0.65 mm. It is important to note that the surface damage was located on the backside of the plate with respect to the surface upon which the sensors were bonded. This scenario simulated the detection of a damage on the external surface (e.g., on the external surface of composite aircraft skin), which is exposed to the environment, using sensors bonded on the inner surface, which would be protected from such environment. To the best of the authors knowledge, a hybrid SHM system which is capable of detecting damage as small as 2 mm in diameter in a composite panel and external surface damage of the same size located on the opposite face with respect to the one where the sensors are bonded is not presented in the literature. Furthermore, in the previously referenced literature, damage detection is presented for relatively high density of transducers used when compared with a relatively small scanned area. Additionally, damages were introduced in the area enclosed by the transducers, or in the direct path of two or more transducers. In this study, damages were introduced cumulatively inside, but also outside the area enclosed by the used transducers, and not in the direct path of any transducer combination. This reflects a real life scenario where small damage can occur in relatively large areas, outside the areas enclosed by applied transducers and while trying to maintain a low transducer density for simplicity, enabling a realistic future in-service application.
In this assessment only the tunable laser interrogation system was investigated for damage detection and localization purposes. Rocha et al. [20] evaluated three interrogator architectures described previously for their capability to detect Lamb waves, accurately and repeatedly, and reported that the tunable laser interrogation system provided the best results.
Experimental Setup
The experiments were performed using a realistic, aircraft representative composite plate skin. A quasi-isotropic carbon fiber reinforced polymer (CFRP) skin with a layup of [(±45) 4 /(0/90) 4 ] consisted of 16 plies of Hexcel HexPly F593 Epoxy Resin F3T584 Carbon Fabric pre-preg. The composite plate layup followed the design guidelines discussed by Kassapoglou [21] ; for example, the ±45 ∘ plies were placed on the outside of the plate to improve the (impact) damage resistance properties of the composite plate. The composite plate with dimensions of approximately 1000 by 400 by 5.5 mm was designed and manufactured to serve as a replacement skin for the SHM Platform 2 [22] developed at the National Research Council Canada (NRC).
The proposed hybrid interrogation system was evaluated for its capability to detect material acoustic waves. Initially, the properties of the quasi-isotropic CFRP laminate were calculated and the dispersion behavior of Lamb waves in the composite skin was estimated. In this study, the damage detection system was based on the faster fundamental symmetric ( 0 , with a group velocity of 4800 m/s being also verified experimentally in the used skin) mode, since the excited waves of this mode do not suffer interference from the slower propagating waves of the fundamental antisymmetric ( 0 , 2800 m/s) mode. For the 0 mode, based on the estimated dispersion behavior, a frequency range between 50 and 400 kHz was selected in order to avoid the generation of higher order modes than the fundamental ones, 0 and 0 , thereby simplifying the analysis of the sensor signals. The selected frequency range assured that the propagation velocities of the 0 and 0 modes were considerably different; therefore the interference between excited waves of these modes was minimized. The propagation velocities for the 0 mode across the frequency range were fairly constant, resulting in similar phase and group velocities, which subsequently decreased the effects of spectrum spreading in the generation of Lamb waves.
The Lamb wave based hybrid SHM system described in this paper consisted of multiple FBG sensors and a piezoceramic disc actuator with a diameter of 6.35 mm, bonded at the center of the composite plate. Considering the estimated and experimentally verified wavelength and frequency relation (dispersion), and the diameter of the actuator, tuning the detection technique to the 0 waves resulted in the selection of a frequency of 325 kHz. The propagation velocity of the 0 waves at this frequency was 4800 m/s, which resulted in a wavelength of approximately 15 mm, as shown in Figures 1(a)  and 1(b) , respectively. Tuning the system to the 0 wave was achieved by selecting a wavelength which was approximately double the actuator diameter, while trying to match the actuator diameter to a multiple of the 0 wavelength with the same frequency.
A Hann windowed five-peak sinusoid with the selected frequency of 325 kHz was used to minimize scattering in the frequency spectrum of the excited waves, minimizing the propagation of waves with different velocities. A Physical Acoustics Corporation 1410 arbitrary waveform signal generator was used, enabling the actuation of the piezoceramic transducer with a maximum voltage of 35 V, at 100 megasamples per second (MS/s). The generated signal was used to trigger a Tektronix TDS 5104 oscilloscope. The output data were acquired at 125 MS/s during intervals of 400 s, enabling the complete scan of the composite plate.
The selection of the FBG sensors was based on the previously mentioned work done by Takeda et al. [14] , which found that the ideal length of an FBG sensor for Lamb wave detection would be 1/7 of the wavelength. For the selected frequency (and subsequently the selected wavelength), the length of the FBG sensors was determined to be 2.15 mm. Due to availability of sensors, however, 5 mm long FBGs were used. Three pairs of FBGs written in single mode optical fibers (SMF-28) were bonded to the surface of the composite plate, following the process described in [23] . The locations and orientations (Λ) of the sensors are depicted in Figure 2 ; their corresponding wavelengths ( ) and positions with respect to the lower left corner of the plate are presented in Table 1 .
The proposed interrogator configuration was completed (see Figure 3 ) using an Agilent 81640B fine linewidth tunable laser, with a maximum output power of 3.2 mW, and a Thorlabs PDA10CS photodetector which was connected to the oscilloscope. Prior to each actuation, the laser output was tuned to a desired wavelength in the spectrum of one strain field sensor signal, multiple scans, that is, sequenced actuations, are performed repeatedly in a short period of time, for an approximate constant condition (health) of the structure under inspection. The data from these multiple tests are post-processed and condensed, through the formation of a signal band with outliers.
Methodology and Results
A damage detection and localization algorithm was developed and evaluated for the detection and localization of two different types of damage. In this section the damage detection and localization algorithm is introduced and elaborated first. Then, the evaluation of this algorithm for the two scenarios is presented: first for through thickness damage, then for surface damage, simulated by a bore hole, located on the backside of the plate with respect to the surface where the sensors were bonded. signals applied sequentially and therefore for approximately the same condition of the plate. The damage detection and localization algorithm filtered all raw signals with a Butterworth bandpass filter. This filter allowed signals between a frequency of 300 kHz and 400 kHz to be passed, while signals outside of this range were blocked. After the filter was applied the signals were normalized with respect to the highest amplitude occurring during the 400 s acquisition time period. Figure 4 shows one of the raw signals and its corresponding signal after the bandpass filter and normalization process.
Damage Detection and Localization
After the introduction, or enlargement of each simulated damage, a scanning process similar to the one applied to obtain the baseline signals was implemented; that is, multiple actuations/scans were applied in sequence, with each FBG signal for each actuation being acquired, filtered, and normalized.
After the filtered and normalized baseline signals and damaged state corresponding signals were obtained, signalbands were formed for each FBG and each condition of the plate, considering for each time in the signals the maximum and minimum values obtained. The signal-bands obtained for each FBG for the damaged and baseline conditions were then compared. All the values of a newly obtained signal-band, the damaged state corresponding signal-band, which were within the signal-band filter obtained for baseline conditions, were set to zero, while the remaining signal-bands were kept and used in the damage localization algorithm. This was repeated for each condition of the plate tested, for each sensor and scan. This ensured that reflections due to the damage were repeatedly acquired, while signals present in both the states, for example, the originally actuated propagating waves corresponding signals, and noise, were discarded, or their effect was minimized. Furthermore, all possible differences obtained in this process, between the baseline and damage state corresponding signal-bands, were considered for the damage localization algorithm. A density of possible positive damage detection and localization was then obtained for each point in the plate -proportional to a probability of damage, or a damage index. For the application of the localization algorithm numerically the plate was meshed with a spacing of 5 mm in both planar directions. The effect of the application of the bandpass filter algorithm is shown in Figure 5 , where a FBG signal is shown before and after the bandpass filtering was applied. In case there was no damage, all the values of the newly obtained signal were set to zero, and the algorithm for damage localization stopped.
The damage localization algorithm was based on the ToF (time of arrival with respect to the actuation signal of the highest peaks in the signals) after the signal-band filter was applied. From the experimentally determined dispersion curve (see Figure 1(a) ), a range of propagation velocities for the 0 wave was selected. The range, 4500 to 4800 m/s, was based on the 0 wave velocity at a frequency of 325 kHz. With the ToF and propagation velocities, traveled distances were calculated. Each distance corresponds to the traveled distance of the excited 0 wave between actuator and damage, plus the distance traveled by the damage reflection, between damage and the FBG considered, as shown in Figure 6 (a). The total traveled distances, that is, the sum of the distances explained previously, for both velocities are constant and can be related to the characteristics of an ellipse (the sum of the distances between any point in an ellipse and its two focal points is constant). Therefore, for each actuator-sensor pair, all the possible damage locations are defined by an ellipse with focal points at the actuator and sensor locations [18, 19] , as shown in Figure 6(b) . When the process of ellipse construction was repeated for both velocities, a "ring" representing all possible damage locations was obtained for each actuatorsensor pair, as shown in Figure 6 (c). The mathematics behind this procedure is given in Journal of Sensors where and are the -and -coordinate of the center of the ellipse, and is the angle between the -axis and the major axis of the ellipse; all three variable were calculated using the sensor locations, as shown in Table 1 . The parameter varied from 0 to 2 . The only unknown variable remained was the length of the minor axis, 2b, as shown in Figure 6 (d). To calculate the length of the minor axis, the triangle ABC was used, the line AC was equal to half the major axis, and the line AB was equal to half the distance between the sensors. The line BC, which equals half of the minor axis, was calculated using Pythagoras theorem. This process was repeated for all the actuator-sensor pairs; the probable damage location on the plate would be associated with the area where most of the rings intersected. It needs to be stated that the damage localization algorithm only investigated signals up to 100 s after actuation. This limited the area which could be inspected by the sensor configuration used in this research. To obtain the maximum area which could be inspected using this sensor configuration, the time of arrival for each FBG was set to 100 s, and the conservative lower wave propagation velocity was considered. These settings produced the extreme locations at which damage could be present. The algorithm, however, analyzes all times up to that maximum time interval; this means that the extreme locations obtained formed the outer boundary of the area which could be inspected. Connecting the extreme locations together formed the inspection area shown in Figure 7 . The inspection area represents all the possible damage locations when signals up to 100 s duration were analyzed; this area equaled 20.8% of the total area of the composite plate. The developed algorithm was considered simple as it only used standard signal processing techniques and a localization technique, which was based on elliptical triangulation. The effectiveness of the algorithm was tested using realistic simulated damage, both in type and dimension. First, a 2 mm diameter through thickness hole was evaluated, followed by a bore hole 2 mm diameter with a depth of 0.65 mm. After each introduced damage, the mentioned scan, data acquisition, and postprocessing were performed.
Through Thickness Hole.
A 2 mm through thickness hole was introduced in the plate outside of the area bounded by the transducers; the constructed ellipses and the comparison between the predicted damage and actual damage location for the introduced damage are shown in Figure 8 . The area between the two ellipses from each piezoceramic transducer/FBG pair, the ring, was assigned a magnitude of one, and other areas were set to zero. When all the rings were plotted, the highest number of ring intersections was stored and compared with the actual damage location to verify the damage detection and localization algorithm. In Figure 8 (b) the location of the actual damage can be seen, marked with a cross, which is near the predicted damage area obtained by the algorithm. A closer examination of the area revealed that the actual damage was located 5 mm to the left of the predicted damage area. The ellipses were constructed using two fixed velocities; however, better results could be obtained if the actual velocity in the FBG direction was used instead of a fixed range. The damage localization algorithm was based on the time of arrival of the largest echo only; an updated algorithm should be designed such that it can take the time of arrival of all the echoes into account to obtain a better prediction of the damage area.
Surface Damage:
Bore Hole. The damaged state signalband for the 2 mm hole was then used as baseline for the second type of introduced damage. The second type of damage was introduced in the plate to mimic a surface damage; this damage was located on the opposite side of the plate with respect to the surface where the sensors were bonded. This simulated a realistic situation which could occur on an aircraft, where the damage would be located on the outer side of the skin, while the sensors would be bonded on the inner side, protected from the external environment. The surface damage was simulated by a 2 mm bore hole with a depth of 0.65 mm. The same experimental procedure as for the first damage was repeated, and the obtained signals for the case of a surface damage are shown in Figure 9 . The corresponding contour plot and localization image are shown in Figure 10 . The estimated damage location was 25 mm away from the actual damage location. In this case, multiple peaks obtained from the comparison of the baseline and damage state corresponding signal-bands were considered and not just the highest peak as previously.
Conclusions
The proposed FBG interrogation architecture was assessed for the detection of Lamb waves excited by a piezoceramic transducer, in a representative CFRP aircraft skin. The capabilities and applicability of the system to SHM of aircraft were investigated. To detect damage, two signal-bands were required, one baseline signal-band and one damaged state signal-band. Signal-bands were considered to reduce the effects of noise in the transducer signals, improving considerably SNR and enabling repeatedly detection of the small damage reflection waves amplitudes in corresponding signals. The two signal-bands are compared to retrieve the outliers; a signal containing the echoes generated by the damage remained. The echo signal was then used to localize the damage in the composite plate. The damage localization algorithm was based on the time of arrival of the largest echoes. The time of arrival was multiplied by two fixed velocities, which represented the range of the 0 wave velocity. The calculated distances were then used to construct ellipses for which the piezoceramic transducer and FBG were the focal points. The location at which most ellipses intersected was used to predict the region where the damage was located.
The algorithm was tested by evaluating two different types of damage: (i) a through thickness hole of 2 mm in diameter and (ii) a surface damage consisting of a 2 mm diameter bore hole with depth of 0.65 mm located on the backside of the plate with respect to the surface where transducers were installed. The damage detection and localization algorithm produced an image which indicated the predicted damage region, which was compared to the actual location of the damage. For the through thickness hole, the predicted damage region was 5 mm to left of the actual damage location. For the surface damage, the actual damage location was located 25 mm from the predicted damage region. The proposed hybrid SHM system was able to detect the introduced damage and predicted the damage region with reasonable levels of accuracy. In real life applications, such a detection and localization capability would be useful to reduce overall NDE efforts and focus NDE techniques to a smaller region and therefore reduce time of inspection and maintenance, effort, and cost.
